Non-radiative (phonon scattering) lifetimes are calculated for asymmetric quantum well structures in the AlGaAs/GaAs materials system. Structures are designed in a 3-level optically pumped laser configuration, and tuned for emission in the terahertz frequency range. For emission frequencies below 8.7THz, the energy gap of the lasing levels is less than the LO phonon energy in GaAs, which leads to suppression of LO phonon scattering and consequent reduction in the competing (non-radiative) transition rate. However, suppression of LO phonon scattering is weakened by thermal broadening of the electron energy distribution, which limits radiative efficiency and the range of structures in which population inversion may be achieved. For 77K operation, only devices with a terahertz photon energy of less than 22meV (5.3THz) are predicted to exhibit population inversion.
Introduction
The feasibility of using intersubband transitions in semiconductor quantum wells to generate electromagnetic radiation has been impressively demonstrated by recent work on so-called 'quantum-cascade' lasers [1] . These devices emit light in the mid-infra-red range, and operation has been reported at both 88K and room temperature. The lowest frequencies reported for the quantum cascade devices have been approximately 70THz; the purpose of this work is to investigate possible designs for intersubband lasers operating at even lower frequencies -in the range 1-10THz.
The devices considered in this work are based on the optically pumped 3-level asymmetric quantum well laser design proposed by Berger [2] (see figure 1) . The asymmetry of the quantum well breaks the symmetry of the 1st and and 3rd subbands (n 1 and n 3 ), hence permitting the n 1 ¡ n 3 intersubband pump transition. Terahertz frequency radiation is generated by transitions from the 3rd to the 2nd subband (n 3 to n 2 ), and the 2nd subband is subsequently depopulated by phonon scattering into n 1 . Intersubband phonon scattering also occurs between n 3 and n 2 , and is the principal competing non-radiative process which acts to reduce the radiative efficiency of the system. In this paper, we present calculations of phonon scattering rates for both n 3 ¡ n 2 and n 2 ¡ n 1 transitions, for a range of asymmetric quantum well systems. The E 3 ¢ E 1 separation was fixed at 117meV, which corresponds to the 10.6µm wavelength of a CO 2 laser -a likely pump source. Meanwhile, the structural parameters of the quantum well were adjusted in order to vary the E 3 ¢ E 2 separation (see table 1 ). All designs were based on the AlGaAs/GaAs system, with a fixed Al mole fraction of 24% in the barriers.
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Theory
The Schrödinger equation was constructed within the envelope function and effective mass approximations, and solved using a numerical shooting technique [3] . Figure 1 shows the energy levels and wavefunctions for a well with a step width ¤ b¥ of 127Å and an Al mole fraction of 14%. The numerical wavefunctions were used to calculate rates for acoustic and polar optical (LO) phonon scattering, via Fermi's Golden Rule.
(Whilst analytic solutions to the Schrödinger equation can be obtained for an asymmetric quantum well, analytic calculation of the scattering rates is lengthy and does not yield a closed form solution for polar scattering in any case.) Since we wished to study phonon scattering over a wide range of temperatures, the acoustic scattering rates were obtained without recourse to the usual high temperature (equipartition) or low temperature (zero point) approximations. However, a fixed acoustic phonon energy (1meV) was used when identifying the allowed final states for scattering, in order to make the calculation tractable. Bulk-like phonon modes were assumed in both cases. The in-plane subband dispersion was taken as parabolic. 
Results
Figure 2(a) shows the total phonon scattering rate (acoustic + polar optical) for transitions from n 3 to n 2 , as a function of the subband edge separation. The individual points correspond to the quantum well structures shown in table 1. Curves are shown for three different lattice temperatures. The observed subband lifetime is given by the average depopulation time of all carriers in the given subband. This requires knowledge of the electron energy distribution in the subband. In these calculations, we have assumed that the electron population thermalises rapidly within the 3rd subband, and can therefore be described by a Fermi-Dirac distribution with a quasi-Fermi energy given by the subband electron density. Thus, the scattering rates shown in figure 2(a) represent the weighted average of all phonon scattering from a Fermi-Dirac distribution of electrons in the 3rd subband. A sheet electron density of 10 10 cm 2 is assumed, which corresponds to the value estimated by Berger [2] for a CO 2 pump power of 100mW. The assumption of rapid thermalistion is reasonable, since the photogenerated electron population in n 3 will be subject to electron-electron scattering on a femtosecond timescale [4] -over two orders of magnitude shorter than the polar optical phonon lifetime. Furthermore, for intersubband pumping between parallel subbands, the n 3 distribution will be a reasonably close replica of the thermal n 1 distribution. For this reason also, the electron temperature has been taken as equal to the lattice temperature. However, this model ignores energy and population exchange due to intersubband electron-electron interactions which, although weaker, will contribute to thermalisation between subbands). T=2 K T=77 K T=300 K Fig. 2 . Non-radiative (phonon scattering) transition rates for a range of structures: (a) from n 3 to n 2 , averaged over a thermalised electron distribution in n 3 , (b) from n 2 to n 1 , averaged over a thermalised electron distribution in n 2 , and including Pauli exclusion effects in n 1 .
At a lattice temperature of 2K, thermal broadening of the n 3 distribution is minimal, and the n 3 ¡ n 2 phonon scattering rate falls rapidly for E 3 ¢ E 2 separations below the LO phonon threshold (E LO 36meV); the acoustic scattering rate is approximately two orders of magnitude smaller than the polar optical rate, and hence is not apparent in figure 2(a) . As the lattice temperature is increased, the thermal broadening of the subband carrier distribution increases; this gives rise to significant (LO) phonon scattering in structures with
E LO , since there are now a substantial number of 'warm' carriers in the 3rd subband which can scatter into n 2 by emission of an LO phonon. Figure 2 (b) shows the total phonon scattering rate for transitions from n 2 to n 1 , for the same set of structures as considered previously (the rate is plotted against E 3 ¢ E 2 to allow direct comparison with figure 2(a) ). As before, a weighted average over the thermalised electron distribution is taken. However, in this case, the population of the lower subband is substantial, and the scattering rate has also been weighted by 1 
where τ 32 and τ 21 are the non-radiative (phonon scattering) lifetimes calculated above, and τ rad is the lifetime for the (n 3
